The Anopheles gambiae species complex includes the major malaria transmitting mosquitoes in Africa. Because these species are of such medical importance, several traits are typically characterized using molecular assays to aid in epidemiological studies. These traits include species identification, insecticide resistance, parasite infection status, and host preference. Since populations of the Anopheles gambiae complex are morphologically indistinguishable, a polymerase chain reaction (PCR) is traditionally used to identify species. Once the species is known, several downstream assays are routinely performed to elucidate further characteristics. For instance, mutations known as KDR in a para gene confer resistance against DDT and pyrethroid insecticides. Additionally, enzyme-linked immunosorbent assays (ELISAs) or Plasmodium parasite DNA detection PCR assays are used to detect parasites present in mosquito tissues. Lastly, a combination of PCR and restriction enzyme digests can be used to elucidate host preference (e.g., human vs. animal blood) by screening the mosquito bloodmeal for host-specific DNA. We have developed a multi-detection assay (MDA) that combines all of the aforementioned assays into a single multiplex reaction genotyping 33SNPs for 96 or 384 samples at a time. Because the MDA includes multiple markers for species, Plasmodium detection, and host blood identification, the likelihood of generating false positives or negatives is greatly reduced from previous assays that include only one marker per trait. This robust and simple assay can detect these key mosquito traits cost-effectively and in a fraction of the time of existing assays.
Introduction
Anopheles arabiensis, Anopheles coluzzii and Anopheles gambiae are the major vectors responsible for malaria transmission in Africa 1 . These three species are morphologically indistinguishable 2 and can only be distinguished by molecular assays [3] [4] [5] [6] [7] [8] [9] . In addition, there are many downstream assays routinely conducted to aid epidemiological and population genetics studies. These include (1) a genotyping assay for speciation islands [10] [11] [12] , (2) a genotyping assay recognizing non-synonymous SNPs in the 1014 th amino acid codon position of para gene (the knock-down resistance, or kdr, SNP) [13] [14] [15] [16] [17] [18] , (3) parasite detection PCR [19] [20] [21] [22] [23] , and (4) screening for host-specific DNA in mosquito midguts 24, 25 .
We developed a multi-detection assay (MDA) that combines all these assays into a single multiplex reaction with the goal of analyzing epidemiologically important characteristics of malaria vectors in Africa. The MDA assay includes multiple markers for detecting (1) species (A. arabiensis, A. gambiae, A. coluzzii, or other (none of the three)), (2) insecticide resistance represented in kdr SNPs (both L1014Fand L1014S),
presence of two major malaria parasites, Plasmodium falciparum and P. vivax, and (4) blood source from one avian and six mammalian hosts.
Traditionally, these assays were conducted in separate polymerase chain reactions. When all these assays are done using a conventional PCR platform, it requires conducting 8-10 PCR reaction assays and accompanying gel electrophoresis steps. Each individual PCR reaction from preparation to documenting results takes 4-5 hr, while the MDA method presented here takes about 5 hr in totality. This is equivalent to a 90% savings in labor costs alone. The MDA presented here costs $5 per sample to genotype all 33 SNPs. This is considerably less expensive than the single agarose gel-based assays, which costs about $1.50 per sample. Assays detecting all the characteristics covered by the MDA would require a minimum of 8-10 separate agarose gel-based assays at a cost of $12-15 per sample. Moreover, the MDA greatly reduces the chance of generating a false positive or negative by utilizing at least three markers for each parasite or host source detection.
The platform we utilized is not limited to malaria vectors but can be used in a wide variety of applications such as medicine, veterinary medicine, and basic biology 1. Mix all the PCR primers (See supplemental Table S1) in a 1.5ml microtube. Each SNP has two primers (forward and reverse). Ensure that the stock concentration of each PCR primer is kept at 100 μM. Make enough primer mix for 500-1,000 reactions to reduce pipetting error and time at the bench (See supplemental Table S2 ). If desired, prepare aliquots for 100-200 reactions per tube and store at -20°C. 2. Prepare PCR cocktail as described in the manufacturer's protocol ( Table 1 ). The volume for 96 reactions includes an overhang of 20%.
Vortex the tube containing the PCR cocktail lightly and centrifuge for 30 sec at 2,000 x g. 3. Dispense 3 μl of the PCR cocktail into each well of a non-skirted 96 well plate. A repeater pipette can save time for this process. 4. Add 2 μl of the appropriate genomic DNA of mosquitoes in each well.
NOTE: Process of obtaining genomic DNA from mosquito tissues (head/thorax, abdomen or whole body) is described in other literatures [29] [30] [31] [32] . Choose an appropriate DNA extraction protocol to differentiate those with Plasmodium in the blood (abdomen) from infective mosquitoes (Plasmodium in the head/thorax). We typically use DNA extracted from body parts (head/thorax or abdomen) of mosquitoes, so DNA concentration varies from 0.05-2ng/μl. Although the total DNA input is lower than the manufacturer's recommendation (5-10ng/rxn), we typically get robust SNP calls from 98% of DNA samples without whole genome amplification. 5. Seal the plate, gently mix or vortex, and centrifuge for 1 min at 370 x g. 6. Use the following thermocycler protocol to carry out PCR amplification: (1) 94°C for 2 min, (2) 94°C for 30 sec, (3) 56°C for 30 sec, (4) 72°C for 1 min, (5) repeat step (2)-(4) for 45 cycles, (6) 72°C for 1 min, and 4°C hold.
SAP Treatment
1. Prepare the SAP enzyme solution in a 96 well plate (See Table 2 ). Process 96 samples in a plate. The volume for 96 reactions includes an overhang of 20%. 2. Vortex the tube of SAP enzyme solution lightly and centrifuge for 30 sec at 2,000 x g. Dispense 2 μl of the SAP enzyme solution into each well. Again, a repeater pipette can save time for this process. 3. Seal the plate, gently mix or vortex, and centrifuge for 1 min at 370 x g. Incubate the plate as follows: (1) 37°C for 40 min, (2) 85°C for 5 min to inactivate the enzyme, (3) 4°C hold. At completion of this step, store the plate at -20°C before continuing. Process the stored plate within 2 weeks.
SNP Extension
1. If the sample plate is frozen after SAP treatment, allow it to thaw to RT before proceeding. 2. Prepare the extension primer mix ( Supplemental Table S2 ). Each SNP has one extension primer. Keep the stock concentration of each extension primer at 500 μM. Optionally, aliquot for 100-200 reactions per tube and store at -20°C. 3. Prepare extension mix as described in Table 3 . The 96 reaction volume includes an overhang of 20%. 4. Vortex the tube of extension cocktail lightly and centrifuge for 30 sec at 2,000 x g. Dispense 2 μl of the extension cocktail into each well.
Again, a repeater pipette can save time for this process. 5. Seal the plate, gently mix or vortex, and centrifuge for 1 min at 370 x g. Thermocycle the plate as shown in Figure 1 . At this point, proceed to mass spectrometry or store the plate at -20°C up to 2 weeks. Table 3 . SNP Extension cocktail The volume of each reagent for the SNP extension step for one reaction and 96 reactions with a 20% overhang. Table 4 . SNP genotypes for each species. 28S IGS-540, 28S IGS-649 and 01073-213 are located on the X chromosome, 04679-157 is on chromosome 2 and 10313-052 is on chromosome 3. Hybrid genotype (heterozygote) is highlighted in yellow. Fixed variant in A. coluzzii is marked in light blue and fixed variant in A. gambiae is marked in dark blue. 
Conditioning the SNP Extension Product to Optimize Mass Spectrometry Analysis

MALDI-TOF Mass Spectrometry
Discussion
The MDA is composed of five major steps: PCR amplification, shrimp alkaline phosphatase (SAP) reaction, SNP extension, extension product conditioning, and matrix-assisted laser desorption/ionization -time of flight (MALDI-TOF) mass spectrometry [33] [34] [35] [36] [37] . The first PCR amplification step amplifies DNA flanking each SNP so that enough template DNA will be available at the SNP extension step. The SAP reaction neutralizes unused dNTPs which can interfere with the following SNP extension step. SNP extension involves a single extension primer per SNP locus and mass-modified terminator nucleotides. The 3'-end modified nucleotides prevent subsequent nucleotides from being incorporated into the extension primer. Thus the mass of the single base indicates the genotype of the corresponding SNP.
The most critical step in ensuring the success of this approach is having a good dataset of existing polymorphisms in target organisms. We used well characterized SNPs for species identification (N>900) 10, 12, [38] [39] [40] and kdr (N>1,000) 15, 18 . The species specific SNPs for Plasmodium were identified from sequence alignment of the cytochrome b sequences of 123 P. falciparum, 97 P. vivax, 11 P. malariae and 18 P. ovale isolate sequences from Africa which were available on Genbank. Cytochrome b sequences from 7 host species (human, chicken, cow, dog, goat, pig and sheep) were collected from Genbank for host-specific SNP identification. Based on this large body of sequence data, we were able to design a robust diagnostic assay using an assay designer software.
The number of markers each reaction can accommodate is determined by the biochemical compatibility of the primer mix given a tolerance to primer dimer potential (0.9 of 0-1 scale). Authors used the default value (1; most strict) for false priming potential. Relaxation of this parameter can potentially increase the number of SNPs that can be assayed in a single reaction in addition to the SNPs included in this study.
The PCR amplification steps are robust and typically do not require adjustment from the initial assay design. The SNP extension mix (Table  3) , however, may need modification in relative quantity of each primer using mass spectrometry to ensure a sufficient signal to noise ratio is achieved for each primer. The provided SNP extension primer recipe is the result of these adjustments. Compatibility among extension primers may limit the total number of SNPs that can be multiplex in a single reaction. Since the reaction volume is small (5-8 µl) , the sample plate needs to be properly sealed to prevent evaporation during amplification steps.
